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Abstract— Electromechanical wave propagation characterizes 
the first-swing dynamic response in a spatially delayed manner. 
This paper investigates the characteristics of this phenomenon in 
two-dimensional and one-dimensional power systems. In 2-D 
systems, the wave front expands as a ripple in a pond. In 1-D 
systems, the wave front is more concentrated, retains most of its 
magnitude, and travels like a pulse on a string. This large wave 
front is more impactful upon any weak link and easily causes 
transient instability in 1-D systems. The initial disturbance in-
jects both high and low frequency components, but the lumped 
nature of realistic systems only permits the lower frequency 
components to propagate through. The kinetic energy split at a 
junction is equal to the generator inertia ratio in each branch in 
an idealized continuum system. This prediction is approximately 
valid in a realistic power system. These insights can enhance 
understanding and control of the traveling waves. 
 
Index Terms-- Continuum model, electromechanical wave prop-
agation, kinetic energy, power system transient stability    
I. INTRODUCTION  
ower system transient stability is the ability of an inter-
connected power system to maintain synchronism after 
being subjected to large disturbances, such as a short cir-
cuit fault on a transmission line or a loss of a generator [1]. 
The first-swing generator rotor dynamic response can be cha-
racterized by electromechanical wave propagation phenome-
non, which occurs in a spatially delayed manner with its speed 
depending on the per unit length generator inertia and per unit 
length line impedance [2]-[5]. This phenomenon is observed 
by Wide Area Monitoring Systems (WAMS) in many net-
works, such as in the USA Eastern Interconnection (EI) and 
Western power (WECC) systems [6], [7]. The in-depth study 
of the characteristics of this transient dynamic phenomenon is 
of great importance, because inadequate understanding and 
control could potentially lead to system instability, which 
could then cause cascading outages and blackout of a major 
portion of a system [1]. The idealized continuum  model with 
infinitesimal system parameters represents this traveling wave 
phenomenon as a wave equation and draws an analogy be-
tween rotor velocity and electromagnetic voltage waves in 
transmission lines [2]-[4]. Based on the transmission line 
analogy, reflection and transmission coefficients of voltage 
waves at a discontinuity can be calculated and then used to 
predict the behavior of rotor velocity waves at junctions or 
terminations of a dynamically equivalent idealized power sys-
tem [4],[8]. The kinetic energy wave magnitude can be de-
rived from the rotor velocity wave values and the kinetic ener-
gy flow characteristics can be a critical aspect in determining 
transient stability [9].  
In existing literature, there has not yet been any detailed 
investigation of the propagation characteristics of the electro-
mechanical waves in two-dimensional meshed systems and in 
one-dimensional limited branching systems for the purpose of 
identifying the type of system that is most vulnerable to the 
impact of the traveling waves. There has also not yet been any 
derivation of the split ratio of kinetic energy at a junction of a 
branched power system by using the transmission line analo-
gy. This paper investigates these aspects and provides useful 
insights which can assist power engineers in better under-
standing the electromechanical waves and in designing im-
proved control strategies to enhance transient stability. 
II. THE CONTINUUM MODEL AND TRANSMISSION LINE 
ANALOGY 
The continuum swing model is derived from the classical 
swing equation, which models the rotational dynamic perfor-
mance of generator rotor angle swings during large distur-
bances as shown in (1) [3]: 
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where δ is the rotor angle with respect to a synchronously ro-
tating reference frame in electrical radians, ω0 is the syn-
chronous speed in radians per second, H is the inertia constant 
in seconds, D is the rotor damping constant in s2, Pa is the 
accelerating power, Pm is the input mechanical power, and Pe 
is the output electrical power.  
The swing equation represents a lumped-parameter dis-
crete power system model with line impedance Z [3]. When 
the continuum limit is applied to the swing equation, the resul-
tant continuum system consists of infinitesimal network ele-
ments spaced infinitesimally and uniformly apart on regular 
grids as in (2) [4]. These distributed and continuous parame-
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ters in (2) are functions of the spatial position coordinates x 
and y [3]. 
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where Δ is the distance between the neighboring genera-
tors, Δz is the line impedance between generators, and z is the 
line impedance per unit length. The distributed parameters of 
generators are expressed as Δh, Δd, and Δpm, where h is the 
inertia constant per unit length, d is the rotor damping coeffi-
cient per unit length, and pm is the mechanical input power per 
unit length [4].  
By taking the limit as Δ→0 [4], the resulting continuum 
swing model is in the form of a second-order partial differen-
tial equation, known as a nonlinear hyperbolic wave equation 
in δ as in (3). The coefficient of the Laplacian operator 2∇  is 
the square of the velocity of propagation. This continuum 
model gives a traveling wave representation of the power sys-
tem in both one-dimensional and two-dimensional grid con-
figurations [3]. 
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In these equations, V is the voltage magnitude, G is the 
line conductance, andθ  is the line impedance angle [3]. 
The transmission line analogy of the power system is 
shown in Table I. Electromagnetic voltage wave, v, is ana-
logous to electromechanical rotor velocity or angular fre-
quency wave, ω, while electromagnetic current wave, i, is 
analogous to electromechanical power flow wave, p [2]. In 
transmission lines, the reflection of these waves at discontinu-
ities, i.e. open circuit or junctions, can be characterized by a 
reflection coefficient based on the characteristic impedance 
[4]. Based on this analogy, it is shown that velocity and pow-
er waves should behave similarly to voltage and current, re-
spectively, at a discontinuity [2] and should have reflection 
coefficients, Rω=(Z-Z0)/(Z+Z0) [4] and transmission coeffi-
cients, T=1+Rω [8]. A formula for the characteristic imped-
ance is shown in Table I. An analogous characteristic termi-
nation or ratio can be used to construct a dynamically equiva-
lent power system [4].  
 
TABLE I. TRANSMISSION LINE ANALOGY  
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III. ELECTROMECHANICAL WAVE PROPAGATION 
CHARACERISTICS IN 2-D SYSTEMS 
The USA Eastern Interconnection is a two-dimensional 
meshed power system. Electromechanical wave propagation is 
captured in this system by the North American Power Fre-
quency Monitoring Network (FNET) as shown in Fig. 1. The 
initiating disturbance of a short circuit fault in Florida caused 
a sharp rise in voltages and in power frequency (in red), which 
propagated outwards circularly from Florida to the rest of the 
system and led to power outages for many customers in Flor-
ida for many hours. In the FNET video, it is seen that the 
propagating wave reflected at the edges and quickly pro-
gressed into a low frequency standing wave inter-area oscilla-
tion in three major regions: southern, north-western and north-
eastern regions of the EI. Soon afterwards, the system settled 
into a new steady state condition [6]. 
 
Fig. 1.  Florida Event Replay using FNET (18:09:11). The initial disturbance 
in Florida has propagated to the north-western region of the EI (in red) [6]. 
To investigate the electromechanical wave propagation 
phenomenon in 2-D artificial test systems, a 20× 20 set of 400 
generators two-dimensional uniform meshed power system 
with diagonal-direction power flow is constructed. A section 
of the system is shown in Fig. 2. For all generators, the inertia 
constant H is chosen as 6s, and the damping constant D is tak-
en as 0.07. The system consists of uniform values of connec-
tion impedances Zcm of 0.001 + 0.01i pu and uniform values of 
line impedances ZL of 0.01+0.1i pu. 
    
Fig. 2.  A Section of the 2-D Meshed System      
A sequence of rotor angle dynamic response plots for 
when a fault of 0.01s is applied at the center of the system is 
shown in Fig. 3. It is observed that the fault initially causes a 
sharp deceleration spike at the center. Next, a wave front of 
disturbance is created, which propagates circularly outwards 
as a ripple in a pond. The propagating wave front is at a much 
smaller magnitude than the initial spike and diminishes rapid-
ly. This wave front reaches the edges of the system, is reflect-
ed and standing waves are built up very briefly before the test 
system reaches a new steady state condition again.    
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Fig. 3.  Angle Response Plots of the 2-D Meshed System 
(a) t=0.95s, (b) t=1.1s, (c) t=1.3s, (d) t=1.6s, (e) t=1.9s [wave front 
reaches the edge of the network] 
 
IV. PROPAGATING CHARACTERISTICS AND KINETIC 
ENERGY SPLIT RATIO IN A LIMITED BRANCHING SYSTEM  
The electromechanical wave propagation phenomenon is 
investigated in a one-dimensional limited branching radial 
system, which contains 11 generators as shown in Fig. 4. The 
kinetic energy flow is investigated in this system, because 
kinetic energy summarizes the intensity of the disturbance and 
also dictates the survivability of certain interarea transmission 
links as well as the stability of the whole system. All 7 genera-
tors on the top branch have uniform inertia constant HTop of 
6s, which is 10 times larger than that of the 4 generators of the 
lower branch, which have uniform inertia constant HLower of 
0.6s. All 11 generators in the system have the same uniform 
D, Zcm and ZL values as that of the 2-D system. The junction 
in this system is located at generator 4, where the system splits 
into two branches (generator 5 and generator 8). The power 
flows from left to right in this system. A fault with duration of 
0.05s is initiated at generator 1 and the disturbance is seen 
propagating to the right with a large reflection at the end gen-
erators as in Fig. 5. 
 
Fig. 4.  Limited Branching 11 Generators System 
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Fig. 5.  Velocity Response Plot of the Limited Branching System 
To analyze the kinetic energy flow in the system, the 
Lyapunov kinetic energy function, VKE(ω), is constructed for 
individual generators using (4), where Mi is the inertia con-
stant and ωi is the rotor velocity at generator i [9]. 
2
2
1)( iiiKE MV ωω =    (4)   
The kinetic energy pulse propagating through selected ge-
nerators in pu is shown in Fig. 6. This test system’s result 
shows that the ratio of the kinetic energy split is 10.27:1 
(1.13/ 0.11) for this system with an inertia ratio of 10:1. It can 
be seen that more kinetic energy goes through the high inertia 
top branch and less kinetic energy goes through the low iner-
tia lower branch.  
(a) 
(c) 
(d) 
(e) 
(b) 
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Fig. 6.  Kinetic Energy Plot of 1-to-2 Branch System at Generators 1, 2, 4, 5, 
and 8 in pu (Values of peaks are listed at the left side) 
By constructing an equivalent transmission line system of 
the limited branching discrete power system, the ratio of ki-
netic energy split at a junction can be calculated based on the 
derived values of the velocity wave magnitude at the junction 
in the idealized continuum power system. The one-to-two 
branch test power system can be represented by an equivalent 
transmission line system with characteristic impedance of Z0 
on the top branch, and 3Z0 on the lower branch as in (5) to 
(7). The top branch’s inertia, h, is 10 times larger than the 
lower branch’s inertia, h/10. When the generator inertia de-
creases by a factor of 1/10, the characteristic impedance in-
creases by a factor of 1623.310 = , or approximately 3 times 
as calculated in (6) and (7).  
Using (8)-(10), it can be seen that the incident voltage 
pulse of magnitude of 1 at the left side of the system travels 
to the right. The equivalent transmission line system is shown 
in Fig. 7 and Fig. 8. At the junction, a voltage pulse of magni-
tude of 1/7 is reflected and 6/7 is transmitted. The return vol-
tage along the left branch has a magnitude of 6/7. The trans-
mitted voltage along the right side is 6/7, which is the same 
on both branches. Therefore, the voltage magnitude at either 
side of the junction is the same. According to the analogy 
between voltage and velocity, it is expected that the equiva-
lent continuum power system model would exhibit the same 
characteristics with identical velocity pulses at the junction. 
For the realistic lumped test system’s velocity result as shown 
in Fig. 5, this prediction is valid with negligible differences 
due to limitations of the discrete lumped system model. 
 
Fig. 7.  Voltage Pulse Propagation in Equivalent Transmission Line System 
 
Fig. 8.  Simplified Equivalent Transmission Line System 
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By applying the transmission line analogy to an equiva-
lent idealized continuum power system, it can be derived that 
the transmitted rotor velocity magnitude at generator 5 and 
generator 8 after the junction is exactly equal: ω5 = ω8. Since 
the rotor velocities are equal, the kinetic energy right after the 
junction is shown to split according to the ratio of the inertia 
of the generators in each branch as in (11) to (15), where k is 
the ratio of kinetic energy split. For the idealized continuum 
system, the ratio of the kinetic energy split is 10:1, which is 
the same as the inertia ratio. In the lumped discrete test sys-
tem, the ratio of the kinetic energy split is observed to be 
10.27:1, which is almost identical to the predicted result. 
1/1:/ 85 kkVV KEKE ==   (11)    
85 KEKE kVV =    (12)    
2
88
2
55 5.05.0 ωω MkM ××=×         (13)   
Substituting 85 ωω = and 85 10MM =  then cancelling: 
2
88
2
88 5.0105.0 ωω MkM ××=×        (14)       
10≈k          (15)   
Further results show that when there is a more stressed link 
with a large power flow located right after the junction in a 
branch, slightly less kinetic energy flows through that branch. 
The stressed link has a smaller potential energy barrier and is 
more likely to break when there is a large kinetic energy 
pulse approaching it. Since the kinetic energy split ratio is 
mainly dependent on the size of the inertia, a stressed link in 
the high inertia branch makes the system to become more 
vulnerable to instability caused by the traveling waves. 
Z0
Z0
3Z0
11.29 
3.80 
1.32 
1.13 
0.11 
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V. KINETIC ENERGY AND ITS IMPACT ON TRANSIENT 
STABILITY 
There is a large reduction in the magnitude of the kinetic 
energy peak from generator 1 to 2 (11.29 to 3.8pu) in Fig. 6. 
Around two-thirds of the initial kinetic energy peak does not 
propagate to the next generator. The initial disturbance is 
spiky-shaped while the propagating wave is smooth-shaped. 
Likewise, in the 2-D system’s angle response, the fault initial-
ly causes a high magnitude spike. However, the propagating 
disturbance is observed to have a very smooth wave front at a 
much smaller magnitude. The primary reason for this large 
reduction in pulse magnitude in both systems is the limitation 
of the lumped and discrete nature of realistic test power sys-
tems in representing the traveling wave phenomenon, which 
is best described by the continuum power system model. The 
kinetic energy injected at the faulted generator consists of 
both high frequency and low frequency components. The 
lumped discrete model represents well the lower frequency 
components as traveling waves but does not represent well 
the higher frequency components. Therefore, the higher fre-
quency components of the disturbance do not propagate as 
waves into the second generator in lumped systems. A finer 
discrete system with a greater number of smaller generators 
and smaller impedances can represent higher frequency com-
ponents as traveling waves. In such a finer model, a larger 
portion of the fault energy is retained to propagate through 
the system and more frequency content is preserved. The de-
crease in magnitude of the pulse from the second generator 
onwards is primarily due to losses in the damped test systems.  
The concept of kinetic energy of the disturbance being 
contained in the propagating wave front applies to both one-
dimensional and two-dimensional power systems. In a 2-D 
system, the wave front expands out circularly as a ripple in a 
pond as in Fig. 3. The kinetic energy is spread out along a 
continually expanding wave front, which diminishes rapidly 
in magnitude. In this type of system, the system separation is 
most likely to be in proximity to the fault location. In a 1-D 
longitudinal or limited branching system, the disturbance 
travels similar to pulses on one or a limited number of strings 
as in Fig. 5. The wave front in such systems is concentrated 
and does not greatly diminish in magnitude as it travels. In 
such systems, the traveling wave has more impact upon any 
weak inter-area link and causes this type of system to be most 
vulnerable to transient instability due to the traveling waves. 
In this type of system, the system separation is more likely to 
occur far away from the fault location.  
VI. CONCLUSIONS 
This paper has investigated the characteristics of the elec-
tromechanical wave propagation phenomenon in power sys-
tems. There are three main aspects that are introduced in this 
paper. (1) In two-dimensional meshed power systems, the 
wave front of the disturbance spreads out circularly as a ripple 
in a pond. The wave front is shared by many generators, dimi-
nishes in magnitude rapidly, and is then reflected at the edges 
of the network. In the FNET video of the Florida event, travel-
ing waves expands outwards and eventually settles down into 
conventional interarea oscillations. This paper indicates that 
one-dimensional longitudinal and limited branching systems 
are most endangered by the electromechanical waves, because 
the wave front in such systems is more concentrated, has 
greater magnitude retention, and is more impactful on any 
weak interarea link. (2) The kinetic energy contained in the 
propagating wave front can characterize the intensity of the 
disturbance. The kinetic energy flow characteristics can be 
used to determine the survivability of certain interarea trans-
mission links, which can be critical for the stability of the 
whole system. Based on the transmission line voltage pulse 
analogy, the magnitudes of the rotor velocity pulses at the 
generators near a junction are equal. In such an idealized con-
tinuum power system model, the kinetic energy will split at 
the same ratio as the inertia ratio of the generators in each 
branch. This theory is approximately valid in a realistic test 
power system, which is discrete and lumped. This kinetic 
energy split ratio in a realistic system is shown to be primarily 
dependent on the size of the inertia of the generators in each 
branch but is also slightly affected by the power flow in any 
stressed link at the junction. (3) While the initial disturbance 
contains both high and low frequency components, only lower 
frequency components propagate to the neighboring genera-
tors and to the rest of the system as electromechanical waves. 
This is seen in the large magnitude and spiky-shaped initial 
disturbance and the smaller magnitude and smooth-shaped 
traveling wave front at neighboring generators in both 1-D and 
2-D systems. The main reason for the diminishing in magni-
tude in the wave front is the limitation of the discrete lumped 
model, which can only permit lower frequency components to 
travel as waves. These insights expand the understanding and 
control options of power system transients.  
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